At the soft-x-ray free-electron laser FLASH in Hamburg, we have studied multiphoton ionization on neon and helium by ion mass-to-charge spectroscopy. The experiments were performed in a focused beam at 42.8 and 38.4 eV photon energy and irradiance levels up to 10 14 W/cm 2 . Direct, sequential, and resonant two-, three-, and four-photon excitations were investigated by quantitative measurements as a function of the absolute photon intensity. The atomic and ionic photoionization cross sections derived indicate a clear dominance of sequential compared to direct multiphoton processes. DOI: 10.1103/PhysRevA.75.051402 PACS number͑s͒: 32.80.Rm, 32.80.Fb, 42.50.Hz Recent progress has been achieved in generating soft-xray pulses of high power by means of free-electron lasers ͑FELs͒ ͓1-4͔ and higher-harmonics generation technique ͓5͔. In the near future, several large x-ray FEL facilities will be realized to study fast processes in materials and chemical reactions by ultrashort laser shots ͓1,2,6͔. However, highly intense soft x rays ͑xuv͒ and vacuum-ultraviolet radiation cause nonlinear response of matter such as atomic multiphoton ionization ͓7-13͔ which has to be taken into consideration in any FEL experiment. In this context, we report on the strength of two-, three-, and four-photon multiple ionization obtained by quantitative measurements of ion time-offlight ͑TOF͒ spectroscopy at the new xuv Free-electronLASer in Hamburg ͑FLASH͒ ͓4͔. In order to distinguish and compare different sequential and direct multiphoton excitation schemes, our experiments were performed on neon ͑Ne͒ and helium ͑He͒ atoms at two different photon energies, namely 42.8 and 38.4 eV, i.e., just above and below the threshold for sequential two-photon double ionization of Ne via Ne + at 41.0 eV. Significant differences in the respective nonlinear dependences on photon intensity could be observed. Figure 1 summarizes the multiphoton processes we discuss here. They refer to sequential ͓Fig. 1͑d͔͒ and direct ͓Fig. 1͑g͔͒ two-photon processes, a combination of both, i.e., a four-photon excitation ending up in a triply charged ion ͓Fig. 1͑e͔͒, and three-photon double ionization via virtual and resonance states ͓Figs. 1͑b͒ and 1͑c͔͒. The investigations were performed at the microfocus beamline BL2 at FLASH with an experimental setup described in detail previously ͓12,15,16͔. It consists of a calibrated online gas-monitor photodetector and a conventional ion TOF spectrometer. In order to avoid effects due to space charge and secondary ionization, the pressure of the target gas homogeneously filling the vacuum chamber was controlled below 2 ϫ 10 −4 Pa. The FEL radiation was distributed among subsequent photon pulses separated by 200 ms with up to 3 ϫ 10 12 photons per pulse and a pulse duration of ⌬t = ͑25± 8͒ fs ͓4,17͔. A focal spot size of A = ͑5.0± 0.7͒ ϫ 10 −6 cm 2 was realized by means of an ellipsoidal mirror ͓16͔. Ions generated in the focus were extracted toward the TOF spectrometer by a static electric field parallel to the polarization vector of the 100% polarized photon beam. Along the photon beam, the TOF spectrometer had an acceptance length of 1 mm and could be moved ±2 cm around the focus.
Recent progress has been achieved in generating soft-xray pulses of high power by means of free-electron lasers ͑FELs͒ ͓1-4͔ and higher-harmonics generation technique ͓5͔. In the near future, several large x-ray FEL facilities will be realized to study fast processes in materials and chemical reactions by ultrashort laser shots ͓1,2,6͔. However, highly intense soft x rays ͑xuv͒ and vacuum-ultraviolet radiation cause nonlinear response of matter such as atomic multiphoton ionization ͓7-13͔ which has to be taken into consideration in any FEL experiment. In this context, we report on the strength of two-, three-, and four-photon multiple ionization obtained by quantitative measurements of ion time-offlight ͑TOF͒ spectroscopy at the new xuv Free-electronLASer in Hamburg ͑FLASH͒ ͓4͔. In order to distinguish and compare different sequential and direct multiphoton excitation schemes, our experiments were performed on neon ͑Ne͒ and helium ͑He͒ atoms at two different photon energies, namely 42.8 and 38.4 eV, i.e., just above and below the threshold for sequential two-photon double ionization of Ne via Ne + at 41.0 eV. Significant differences in the respective nonlinear dependences on photon intensity could be observed. Figure 1 summarizes the multiphoton processes we discuss here. They refer to sequential ͓Fig. 1͑d͔͒ and direct ͓Fig. 1͑g͔͒ two-photon processes, a combination of both, i.e., a four-photon excitation ending up in a triply charged ion ͓Fig. 1͑e͔͒, and three-photon double ionization via virtual and resonance states ͓Figs. 1͑b͒ and 1͑c͔͒. The investigations were performed at the microfocus beamline BL2 at FLASH with an experimental setup described in detail previously ͓12,15,16͔. It consists of a calibrated online gas-monitor photodetector and a conventional ion TOF spectrometer. In order to avoid effects due to space charge and secondary ionization, the pressure of the target gas homogeneously filling the vacuum chamber was controlled below 2 ϫ 10 −4 Pa. The FEL radiation was distributed among subsequent photon pulses separated by 200 ms with up to 3 ϫ 10 12 photons per pulse and a pulse duration of ⌬t = ͑25± 8͒ fs ͓4,17͔. A focal spot size of A = ͑5.0± 0.7͒ ϫ 10 −6 cm 2 was realized by means of an ellipsoidal mirror ͓16͔. Ions generated in the focus were extracted toward the TOF spectrometer by a static electric field parallel to the polarization vector of the 100% polarized photon beam. Along the photon beam, the TOF spectrometer had an acceptance length of 1 mm and could be moved ±2 cm around the focus.
As a first result, Fig. 2͑a͒ shows an ion spectrum taken at a photon energy of ប = ͑42.8± 0.4͒ eV in the focus of BL2. The spectrum results from an accumulation of about 1000 shots with a mean photon number per pulse of N ph = ͑6.8± 0.7͒ ϫ 10 11 which yields a mean photon exposure of H ph = N ph / A = ͑1.4± 0.2͒ ϫ 10 17 photons per cm 2 and a mean FIG. 1. Threshold energy diagram ͓14͔ and photoionization schemes for neon: ͑a͒ one-photon single ionization; ͑b͒ threephoton double ionization; ͑c͒ resonant three-photon double ionization; ͑d͒ sequential two-photon double ionization; ͑e͒ four-photon triple ionization; ͑f͒ one-photon double ionization; ͑g͒ direct twophoton double ionization. The dashed lines indicate virtual states.
irradiance of E = H ph ͑ប / ⌬t͒ = ͑3.7± 1.3͒ 10 13 W/cm 2 . At such photon intensities, multiphoton processes are expected in the soft x-ray range ͓9,10,12͔. In fact, besides the dominating Ne + peak due to one-photon single ionization ͓Fig. 1͑a͔͒ at a time of flight of = 6.6 s and various residual gas lines, a strong Ne 2+ signal arises at = 4.7 s and a weak Ne 3+ signal at = 3.8 s. As demonstrated by Fig. 2͑b͒ , the Ne 3+ signal completely disappears and the Ne 2+ signal significantly decreases when moving the experimental setup by 1.5 cm out of focus where the spot size is three to four times larger and thus photon exposure and irradiance are correspondingly smaller ͓16͔. Hence the Ne 2+ and Ne 3+ generation was not considerably affected by higher FEL harmonics at higher photon energy ͓18͔ because their contribution does not vary along the photon beam.
At a photon energy of ប = ͑42.8± 0.4͒ eV, i.e., below the Ne threshold for one-photon double ionization at 62.6 eV ͓Fig. 1͑f͔͒, the most probable explanation for Ne 2+ generation seems to be, in accordance with recent results on molecular nitrogen ͓12͔, the sequential two-photon double ionization via Ne + ͓Fig. 1͑d͔͒ with a threshold energy of 21.6 eV for the first step and 41.0 eV for the second. The Ne 3+ signal, on the other hand, is assumed to arise, in a further step, from the direct two-photon single photoionization of Ne 2+ as an intermediate target, i.e., in total a fourphoton process ͓Fig. 1͑e͔͒. In order to test these ideas, we have investigated the relative strength of Ne + , Ne 2+ , and Ne 3+ generation in more detail by moving the setup along the photon beam and varying photon exposure H ph and irradiance E ͑Fig. 3͒. In particular, the dependence of the photoionization rate Ṅ ͑n͒ for a direct n-photon process on E or H ph is approximated by ͓19͔
with the initial number of targets N and the n-photon ionization cross section ͑n͒ . For the right part of Eq. ͑1͒, a rectangular temporal distribution of the photon pulses is assumed. As a consequence, the Ne 3+ to Ne 2+ ion yield ratio should increase with the square of the photon exposure:
with the n͑=2͒-photon ͑single͒ ionization cross section of Ne 2+ ͑n͒ = Ne 2+ →Ne 3+
͑2͒
. The mean number of intermediate Ne 2+ targets during a single photon pulse has been approximated here by N = 1 2 N 2+ since at the beginning of the pulse, the number of intermediate Ne 2+ targets is zero and at the end is equal to N 2+ . Our measured Ne 3+ to Ne 2+ ratio is displayed by curve C in Fig. 3 together with a fit according to Eq. ͑2͒. The agreement between experimental data and model curve is almost perfect and yields a value of Ne 2+ →Ne 3+ ͑2͒ = ͑3.0± 1.2͒ ϫ 10 −51 cm 4 s for this ionic direct two-photon ionization cross section as a fit parameter which is also listed in to Ne + ratio taken at 38.4 eV photon energy ͑B͒. The data were corrected for the pulse-to-pulse statistics of the photon intensity and the relative detection efficiencies of the different ion species, respectively.
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The first and the third term on the right side of Eq. ͑3͒ describe generation and annihilation of a Ne + ion by the first and the second photon absorbed, respectively. The second term takes into consideration that the initial number of atomic targets N may be considerably reduced by the first step photoionization within a single photon pulse ͓12,16͔.
Equation ͑3͒ represents a differential equation with the solution
Neglecting here the weak Ne 3+ signal ͓Fig. 2͑a͔͒, one finally obtains for the Ne 2+ to Ne + ion yield ratio
Our corresponding experimental result, i.e., the Ne 2+ to Ne + ion yield ratio for sequential two-photon double ionization of neon at 42.8 eV photon energy, is shown by curve A in Fig.  3 . For low photon exposure, the ratio increases linearly with H ph , as predicted by Eq. ͑5͒. Also a deviation from linearity beyond 2 ϫ 10 17 photons per cm 2 is obvious which confirms our assumptions. In the saturation regime at high photon exposure, the Ne 2+ to Ne + ratio converges to the constant II to I cross-section ratio. which results in an experimental value of ͑7.2± 2.5͒ ϫ 10 −49 cm 4 s ͓Table I ͑1͔͒, similar to recent results on molecular nitrogen ͓12͔ but by more than two orders of magnitude higher than for the direct two-photon process on Ne 2+ discussed above ͓Table I ͑3͔͒.
Obviously, sequential and direct two-photon processes differ significantly with respect to strength and photon intensity dependence ͑Fig. 3͒. The latter concerns, in particular, the relevant quantity to express the strength of the photon field. Direct processes depend on the ͑mean͒ irradiance E = H ph ͑ប / ⌬ t͒ ͓Eq. ͑1͔͒. A sequence of one-photon processes via long-living ionic states, on the other hand, may be expressed as a function of photon exposure H ph ͓Eq. ͑4͔͒ without explicit dependence on the pulse duration ⌬t as long as ⌬t is short enough so that intermediate targets may be regarded to be frozen, i.e., do not move out of the interaction zone during a single photon pulse.
In this context, we have studied Ne also just below its threshold for sequential two-photon double ionization via Ne + at 41.0 eV ͓Fig. 1͑d͔͒ and changed the photon energy from 42.8 to 38.4 eV. As a result the Ne 3+ signal, in fact, disappeared and the Ne 2+ signal drastically decreased in the corresponding ion TOF spectrum shown in Fig. 2͑c͒ . The remaining Ne 2+ signal, again, is not strongly affected by higher FEL harmonics and must be due to multiphoton processes because it also vanishes when moving the experimental setup out of focus ͓Fig. 2͑d͔͒.
One explanation for the Ne 2+ signal in the ion TOF spectrum measured at ͑38.4± 0.4͒ eV photon energy ͓Fig. 2͑c͔͒ might be the direct two-photon double ionization of the atom ͓Fig. 1͑g͔͒. Such a process has recently been studied on helium at 41.8 eV photon energy ͓9,10͔. An alternative scheme would be the two-photon single ionization of Ne + as the intermediate target, i.e., in total a three-photon excitation ͓Fig. 1͑b͔͒ in analogy to the corresponding process on Ne 2+ ͓Fig. 1͑e͔͒ as discussed above. The two excitation schemes may be distinguished by the different photon intensity dependences of the respective Ne 2+ to Ne + ion yield ratios according to Eq. ͑1͒ ͓and in analogy to Eq. ͑2͔͒: 
͑2͒
= ͑1.6± 0.6͒ ϫ 10 −50 cm 4 s as a fit parameter ͓Table I ͑2͔͒. The value is more than five times higher than for the same type of process we have observed on Ne 2+ ͓Table I ͑3͔͒. An explanation might be the existence of Ne + :2p → 4s excited states at 38.2 eV ͓21͔, i.e., very close to our photon energy of ͑38.4± 0.4͒ eV. As a consequence, the two-photon single ionization of Ne + would be rather a sequential process via a real resonance state ͓Fig. 1͑c͔͒ than a direct one via a virtual state ͓Fig. 1͑b͔͒.
In Table I , our cross-section values for the different twophoton excitations we have investigated are summarized. They express the strength and the role of an ionization process, respectively. The given uncertainties arise mainly from signal background and statistics and the determination of FEL pulse energy, spot size, and pulse duration. For data evaluation based on Eq. ͑1͒, we have assumed a rectangular temporal distribution of the photon pulses since the real one was not known. However, in the case of a Gaussian temporal distribution, the cross-section data in lines ͑2͒-͑4͒ of Table I have to be multiplied by a factor of about 1.5. In order to validate our data, we have also repeated measurements on direct two-photon double ionization of helium ͑He͒, the only element where direct multiphoton ionization in the soft-x-ray regime has been observed so far ͓9,10͔. Fitting experimental data for the He 2+ to He + ion yield ratio, measured at a photon energy of 42.8 eV, by a model curve analogous to Eq. ͑6͒ ͑curve D in Fig. 3͒ and using In summary, we have presented a comprehensive and quantitative study of multiphoton ionization in the xuv regime. Our measurements were performed on neon and helium atoms in a focused beam at the new free-electron laser FLASH facility in Hamburg by means of ion time-of-flight mass-to-charge spectroscopy. Variation and determination of photon exposure, irradiance, and photon energy has allowed us to distinguish and compare different excitation schemes and to derive corresponding atomic and ionic photoionization cross sections. The dominant role of sequential multiphoton processes via ionic and resonance states compared to direct multiphoton excitation via virtual states is clearly demonstrated.
